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INTRODUCTION 


The subject of nonlinear wave-particle interactions in the magnetospheric and iono- 
spheric plasmas has attracted considerable attention. For example, such interactions have 
been discussed in terms of the destruction of adiabatic invariants of trapped particles in the 
radiation belt [Kennel and Petchek, 1966; Schultz and l.anzerotti, 1974; Williams, 19751, 
and in terms of the production of a strong braking action against a field aligned How of 
electrons (Block, 1975; Papadopoulos, 1977] . Satellite plasma wave observations have indi- 
cated the relevance of nonlinear wave-particle interactions to the energetics of the magneto- 
sphere and the ionosphere [Scarf, 19751 . Undoubtedly, there must be nonlinear plasma 
processes involved in the naturally occurring phenomena. To specify the relevant process, 
however, is difficult in most cases because of restricted on-board diagnostic capabilities in 
addition to complicated initial and boundary conditions of the ambient plasma. In order to 
determine the roles of specific nonlinear processes it will be necessary to conduct active 
experiments in space where the boundary and initial conditions are chosen so as to simplify 
the analysis. Although such active controlled space experiments are mainly in the planning 
stage [Benson, 1977; Fredricks, 19781 . important information can be obtained from simple 
wave transmission experiments performed with ionospheric sounders carried on-board satel- 
lites in the topside ionosphere. 

The Alouette and ISIS topside sounders stimulate electrostatic waves in addition to the 
electromagnetic waves which are used to obtain electron density profiles from the satellite 
altitude down to the altitude of the F-, peak. The electrostatic waves give rise to plasma 
resonances. These resonances, which persist for many milliseconds after the 0. 1 msec stimu- 
lating sounder pulse, are illustrated in Figure 1. Explanations have been offered for all of 
them except for the resonance observed at the ambient electron cyclotron frequency fj j . 
Most have been interpreted by linear theory, but some are due to nonlinear effects (see the 
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reviews bv Muldivw | l*> ’ -| . McAfw ( 1° ’4| . and Henson | I** ’ '\) lliose where lineal on 
planations have been proposed an* llu* resonances at the electron plasma frequency t^. the 
harmonics of t^. the uppei hv bml frequency t ( • 1 1 ( \ ♦ fj^> V| , ami the sequence ot re so 
nances designated by f^ n l ire latter resonances occur at frequencies above fj and between 
the harmonics of t'u corresponding to the maximum frequency bump in the dispeision 

•4 4 4 4 

curves for k • H 0 where k is the wave vectoi and It is the ambient magnetic field I he 
resonances at f^, fp and nl'u (n t and 41 have been interpreted in terms of the reception 
of oblique echoes of electrostatic waves stimulated by the sounder pulse, the ionospheric tv 
flection he mu due either to gradients m the ambient electron densitv N f (toi t Jt and t ( t ot 
m It (for iit'n > I ho resonances observed at f^ H and the higher onlei nl‘n resonances have 

4 

been interpreted either in tenns of matching a component of the wave group velocity . V ^ 
to the satellite velocity \’ s or. for the vciv sliort duration resonances, m terms of waves with 

-4 4 

I Yj. | « |\ s | that remain near the antenna foi onlv a slioit tune due to the satellite's motion 
l'he .'fjj resonance is not completely uiulciMood, but it appears certain tv' be the result ot 
low velocttv waves that can remain m the vicinity ( ' I knO ot the satellite antenna lot 
social tens of milliseconds 

l meat theory cannot explain the resonance labeled as t l>( in I igure I l lus resonance, 
lust v'bserved and designated as the diffuse resonance b\ Nelms and l ockwood l l^o ’I 
ami later identified as the fust member of a sequence ot diffuse resonances b\ Ova l l*> ’0| . 
is the plasma resonance v*f mam interest to the present paper l rneai tlieoiv fails because 
the electrostatic waves that are capable of piopagatmg with small l andau damping qutekh 
leave the viemitv of the sounder antenna and they are not subiect to ionospheric reflections 
as are the electrostatic waves stimulated neai ivsv'iiaut frequencies in the medium Ov a 
1 1° ’la| pointed out that the longest lasting portion of the tpj resonance corresponds to 
the electron cyclotion harmonic wave which has the lowest threshold election tempetalure 


anisotropy (T l /T||)> I tor the Harris instability | Harris l‘>V>|. wlieic the perpendicular 

* 

ami paiallol symbols refbt to directions relative tv' B Ihe original anisotropy is due to 
cyclotron heating resulting from the strong Rl ; pulse. AHer the turnoff of Ihe Rl ; pulse, 
however, the amsotiopic distributum disappears ithm a few milharcoiuls because ol the 
convective loss ol the hot elections away from the satellite legion A nonlineai inechaniMii 
involving the } wave coupling prwess was pioposed b\ Ova 1 1° Ma| m ordei tv* explain 
resonant time durations that lai exceeded this initial pemnl of soumlei stimulated teni|*era 
turv anisotropy l ltere are wine thev*ivtical and observational problems with this model 
which will be discussed in the next section In order to oveicome these pioblems. an alter 
native noulmeai model i based v*n the feeding v*t energy tv* the Ipj wave via nonlineai 
l andau damping of the somnlei stimulated .'Ijj wave) will be piesented m this papei Non 
lineai l aituau damping v»t plasma w aves, t e., the mmlmeai w ave pat tide interaction 
involving the beat of two waves and the thermal pailtvlcs. has been observed m laboralotx 
experiments (('hang and I'oikolat*. I*> *0 ami l*> ’ '.dcuilc and Malem, 1° ’I. Ikc/i and 
kiwainolvr, 1 *> *1 1 l lie self-consistent model tv* be proposed in this paper max tv consul 
ciwl lv* prx'vule. though iinhrcctlv , the lusi stippv*tl lot the existence ot this nonlineai 


process m space 




Previous Model tor the Diffuse Resonance 

Vhe work of Ova 1 1^7 la| represents the only previous theoretical attempt to explain 
the long tune 'uration ditTuse resonanees observed h\ the Alouettc and ISIS topside sound- 
ers His model consists of the following four basic steps 

1 1 ) During the initial 100 #jsec rf pulse, an ruusotropic bi Maxwellian elcctrxm veUvitx 
distribution I \\ Ty 5| is produced 

t '> I he anisotropic velocity distribution drives the Hams instability to generate the 
fg , and fp | w a\ es 

(D A -tjj wave is generated at the expense ol the , and tp t waves bv a nonlinear 
wave wave coupling process 

(41 I he 'l|| wave resonantly interacts with electrons to keep I , I ss I so as to 
maintain the unstable state that generates the and tg ( waves ot step ( 'i 

While Ova stressed the importance of the nonltneai wave wave interaction, energy flow 
considerations indicate that the 'fj, wave cannot be generated bv the process ot step (3) 
above This statement is based on the Manley Rowe relations concerning the enetgy change 
JDN and angular frequency u* '»f of three waves interacting nonlineailv , i e . 

AW, AWj 

t i — - * i — 1 * constant 

U*| U>« u’( 

| Manley and Rowe, D>>r*| combined with the conservation of energy equation 

AW, t AW , ♦ AW , « 0 

which vields the expievsion 


♦ u>, ■ iO i i 0 
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When u*! > u >2 > so, . the choice of signs must he such that u>, ♦ u»* - u», 0 which indi- 

cates that the Manlev Rowe relations must he written as 

f 

AW, AW, AW, 

u) | W4> , u! | 

I'hus. either waves I and - grow at the expense of wave J, i.e . AW , v. 0. or wave .t grows 
(AW , > 0) at the expense of waves I and Since fg , .'f„ >» f,,, in the Alouette ISIS 

expenment. either the fg , wa\e must grow at the expense ot the and fg, waves or vice- 
veisa. the -f|, wave cannot grow ai the expense ot the fg , and f„, waves 

Snuv the ahsoiption ot wave energv is strong neat ' t , , (Ova Wla) the main sigmfi 
cance ot is m its role as the freqnencv ot the Ivat wave m Ova's nonlmeat wave particle 
mteiaction involving the tg , and fg, waves It is through this l andau damping piwess 
that the required tempeiatuie anisotiopv is uiaintained m step i4i ot his model I hough a 
temperature amsottopv of I , I ' leads to the Hams instabilit} for the f„, wave (Ova, 

W ’I I m orviei to have a substantial growth rate ).ie, 10 * an anisotiopv of 

l, I 0 10 is lequueu | Kiwamoto, 1° *S| An cxtention of the calculations of Kiwamoto 
| 1^ *S | indicate that much larger amsotiopies an* required for substantial growth of the 
Mains mstahilitv in the tg, tivquencv domain (the maximum > is onlv about 10 ' 
when I I I0> Ihus there is a basic mcoiisisiencv in the Ov a model m that the aniso 
Iropv leqnitvd todnve the t,,, wave unstable is maintained bv the absorption of energv 
from the wave which, in turn, is the result ot nonlinear processes involving the instat'd- 
itv dnven tg . wave Such a piocess is m violation ot the theoiv ot weak turbulence since it 
would require the energv densitv ot either the wave or the tg , wave to be largei than 
the thermal energv densitv ot the medium 
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In addition to the above theoretical arguments, ;he ob&c. vational evidence docs not 
support the concept of a nonlinear 3-wave interaction involving the fg ; wave as an energy 
source. Figure 2 shows a typical example of the amplitude evolution of the fg;, 2fp, and 
fp, waves observed during a period of sounder mixed-mode operation. In this mode of ISIS 
1 operation, the frequency of the stimulating RF pulse is fixed at 0.82 Mil/ while the re- 
ceiver frequency is swept over the normal frequency range. Since the plasma perturbation is 
identical for all values of the receiver frequency, mutual interactions among the three waves, 
if they exist, should be clearly observed. The fg; wave, however, shows a build up of signal 
strength after the termination of the sounder-pulse whereas the f DI and 2t'u v ive are ob- 
served initially with a Lrge amplitude. This behavior is opposite to what would be expected 
if the Ip | wave ga*w at the expense of the fg ; wave in a nonlinear 3-wave interaction. The 
results presented in Figure 2 are not significantly dependent on the position of the center of 
the wide frequency spectrum of the transmitted pulse, relative to the resonant frequencies 
of concern, l>ecause similar results are obtained on many consecutive ionograms recorded 
during changing plasma conditions. 

The observational evidence does not even support the possibility of the sounder- 

stimulated fg ; wave as the required energy source. The fg ; wave is sometimes missing or 

very weak when the fp ( wave is present and the duration of the fg; wave is usually less 

than the duration of the fpj wave when long duration fpj waves are observed (see Figure 3). 

In addition, the results of the detailed frequency scaling presented in Figure 4 indicate that 

the 3 wave coupling process proposed by Oya is not strictly satisfied since <m + :f n > 'cm - 

-* -* 

(fg ; ) mIX where (fgi) max is the maximum frequency of the Bernstein mode (k • B = 0) 
associated with fg;. Therefore, the nonlinear model involving the fg ; wave has many the- 
oretical and observational difficulties to overcome. 


b 




Vhe problem of the long lasting fpj resonance can still be solved in the framework ol 
the theory of weak turbulence, however, tf the soundee-atimulated ^tp wave is used as the 
energv source The observations (Future .*> indicate that the 't'p wav* is alwavs present 
when the fp, wave is present and that the duration of the former always exceeds the dura 
tion of the latter l he model proposed m this paper uses the sounder-stimulated 'fp wave 
as an energy source for sustaining the tp j wave, and it docs not invoke live t^ ; wave In 
addition, th* resonant time dilution is determined h\ the transit time tor the wave to 
propagate from the instability generating region hack to the antenna While the importance 
of this transit tune effect was emphasized hv Oya and Henson 11° ' I and the importance 
of the sounder-stimulated 'fp wave was emphasized hv Henson 1 l 0 *-* i . in neither case ua> 
the problem of the I andau damping of these waves con side rod I he latter e fleet was con 
side rod h\ the work of kiwamoto [ l 0 'SI which represents an integral part of the present 
model 

- 
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PROPOSED THEORY 


In the present model for the diffuse resonance it is assumed that the fpj wave is an 
unstable electron-cyclotron harmonic wave. This wave is driven by an anisotropic electron 
velocity distribution created by the high-power sounder pulse. The frequency of the f DI 
resonance is determined by the instability. The tune duration is attributed to the transit- 
tune of the fpj wave propagating back to the antenna. A linear theoretical consideration, 
however, indicates that due to strong Landau damping the instability-produced waves have a 
shorter lifetime than the observed duration of the fpj resonance. In order to overcome this 
dissipation process, a mechanism is required to feed energy to the fp, wa*e. A nonlineal 
Landau damping of the sounder-stimulated 2t'u wave into the fp, w r,e is invoked for this 
purpose. 

Instability. An actual experimental condition of fundamental importance to the pro- 
posed model is that the transmitted RE Sounder-pulse has a finite frequency width and sev- 
eral harmonic components |ETanklin and Maclean. When the center frequency of 

the Rl pulse is between tp and ~f|j. as in the normal case of observing the fpj resonance, 
a substantial amount of power is transmitted near 2fp [Benson, 1^74] which produces an 
anisotropy by electron cyclotron resonance heating. (The transverse acceleration will be 
strongest for those electrons which spend the longest time within the RE region, thus, the 
electrons with small parallel velocity \ ^ will gain a high perpendicular velocity v l .) Electron 
cyclotron resonance heating has been proved to be highly efficient in many laboratory ex- 
periments |e.g.. Dandle et al . l°o4| Ova | l*>7la| assumed that the heating would result 
in a bi -Maxwellian velocity distribution which leads to the Harris instability of the fpj wave 
observed in spaev E> 'docks | l^ 7 l I claimed that a loss cone type (ring) velocity distribu- 
tion would be responsib’.* for fpj wave generation 
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\fter the RK pul* is turned oil. however, the temperature amsotropv decreases tv' I in 


4 IV* milliseconds H>\ 4 . H ’ l.il V Uncut analvsts shows t* the propagation character 

isiicstthe growth lute > unvt the angle c* between k attvl H> change 4pprect.ihl> during the re 

taxation of the .umotropv (kiwamoto. 1 0 ’ S I Most of the wave energy disappears due to 

strong l anvluu damping unvi the frequenev of the dominant W4ve shift' dowowatxl while the 

ptx'pagation angle chumps from around oO* tv' SO' l ven the waves propagating at this 

larger uncle experience strong I undau damping Vhus. without unv uvlvlitionul mechanism. 

all of the fpj wave energv will damp awav m a few milliseconds 

1 1 unsit l ime Numerical calculations of the dispersion equation show that the group 

velocity of the Ip, wave is a few tenths of the electron thermal velocity u 1 1 f ut> ' out 

» 

more than 10 times the satellite veloeitv tins finite \ . cui ses a convective lo" whu h 

t 

effectivelv decreases the tp, wave enetgv vie n si tv near the antenna I v'i certain values ot 

the propagation angle t*. however ' ^ becomes ;cio so that this cv'mponetit of the convec 

tive U'ss van be neglected I igure N shows > as a functuvn v't the wave ftrquenv v for 

it 

vanvms values o« the pta&ttu parameter v.y «*,, tvpical in the uppei ionosphere It «s seen 
that a relative.* wide range ot values for this angle vveurs near .o I o, which coincides 


with the frequence lunge when* the tp, lesoiiance »' observed with the longest dutativ'n 
lOva, W’lal I he value \ ^ ' SO , corresponding to the minimum ftequenev s.itis 

tv mg •• •eligible parallel cv'mectrve loss also coincides with the prv'pagation angle of the 
most persistent unstable wave after the relaxation of the mslabihtv stimulated bv the 
sv'undet pulse ( kiwanioto I ^ ’S ! 


1 he maximum obsetxable time duration v't the tp, rvsvvnance will he determined hv 

the convcc live U'ss m the pctpendiculat direction, ic hv t V ^ wheie i is the laduis of the 
hv’t plasma region and \ c is the component v't the tp, group vcUvitv peipenduulai tv' 1* 

l smg ivpual values v't \ . ' vi .» and 1 ' 0 * c\ . gives i ' ' km for the maximum 
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observed time duration of 25 msec. The required radius of the hot region is therefore <30 
times the tip-fo-tip Alouette/ISIS antenna length of 73 m. For the much more common 
duration of 1 1 msec, the required radius becomes 0.9 km or about 1 0 antenna lengths. In 
either case the distances must be considered as upper-limits because transit-time effects of 
the RF field to initiate the hot region remote from the antenna may be significant (Oya and 
Benson, 1972] but have not been included. 

Nonlinear Landau Damping. The time duration of the f^j resonance will be consider- 
ably less than this upper limit of r/V gi set by perpendicular convection unless there is an 
additional energy feeding mechanism. A mechanism involving a transfer of energy from the 
sounder-stimulated 2f^ wave to the instability-generated frjj wave is consistent with obser- 
vations because the duration of the 2f H resonance is always longer than that of the f Dl 
resonance (see Figure 3). The long duration of the 2f H resonance indicates that it is a 
plasma wave which, by itself, interacts with the particles very weakly. Thus the 2fj, wave is 

■4 

assumed to be a Bernstein wave with k almost perpendicular to B. Such a wave cannot be 
produced by instabilities because an instability implies a strong wave-particle interaction. It 
can, however, be emitted from the antenna as a broad band component at 2f|j as suggested 
by Benson [ 19741 . Thus the energy radiated at due to this broad frequency spectrum 
enters into the present model in 2 ways: the strong RF near field and obliquely propagating 
electrostatic waves provide the cyclotron heating needed to initiate an anisotropic electron 
velocity distribution, while the transmitted electrostatic wave energy with 0 ~ 90° experi- 
ences negligible wave-particle interactions and thus can persist for a long time. The former 
leads to the plasma wave instability of the present model, whereas the latter is involved in 
the nonlinear wave-particle interaction. 

Essentially the above nonlinear mechanism is the process of nonlinear Landau damping 
(e.g., Kadomtsev ( 1965) , Sagdeev and Galeev | 1969) , and Hasegawa ( 19751 ) of energy 



from the 'I'u wav* to flic I'm wave and the theimal electrons in resonance with flic beat 
oscillation between line two waves according to the rv tomtit t condition 




u'* - iu«*n - k^n * 0 (n - 0, i 1 , 1 2, . . ) 


(l> 


where \|| it the parallel component of the thermal electron vdiH.it> and the beat oscillation 
k - k k", %j' m w io ‘ ;s produced by the nonlinear interaction between the .'In wave 
(k. u>> and the I’m wave (k 

Ihe wave eneegv densities \N k and ol the .'Ip and tp, waves. respectivelv . which 
are uonnalired h\ the iH'rpendiciilar electron thermal cuetgv densitv ,i\\t |l |* S»N f l l . 
no described b\ the following equations 



dWj 

dr 











dW^M 

~ ■ :r k »w K M*A k .. k w k w r i.\) 



where t tu‘u and 1' > lOp ate the normalized tune and wave amplitude growth rates 

l onvective terms aiv not mchnled m the above equations because the effects of convection, 
which have been considered sepaiatelv m the previous subsection. aie to n't an upper limit 
lot the time duration ot tin* ip, resonance, the goal ot the uonlmeai interaction dcsitrbcd 
bv i 't and r is to maintain the tpj wave dining the convective prwess I tie phvsus m the 
inmtmeai wave particle intctactton is Ci'irtamevl u< the nonlineai coupling cvH'lticients A k 
and \ k ** k 

In oulei loi the tp, wave to he sustained. Ihe nonlinev.r cnergv feeding rate must bat 
Slice ttie lineal damping tale, i e . from t t> 


2 l V ,W k ,,f V\k W k W k" 0 

R n 


r-h 


nicn the required minimum normalized energy density ot Iho -I'u wave is 


w 


km 
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V\k 




In l-i \\ 0 because the 2l'|j wave is assumed to tv nearly .» rierustetn mode wave It \N ^ •• 

is too latge. the nonlinear damping term V k • will decrease NN k qmcklv Mo* \N km 
Nccordingly . in order to ensutv the long persistence ot the tp, wave. \V k *» must tv vnutlei 
than the critical value 


NS. > 


li ” , 

k C 


Vk* ,r ob» 


U'» 


where r 0 ^ # is the observed nonnahzed duration ot the tp, tesoiuncc 

l quation (M deteuntnes the upi*et limit lx' Hie tp, wave normalized eneigv density 
It uivlicates itiat m oidet tor (lie tp, wave tv* tv obseivable witli a long time duration, \ k k 
should not tv too laige On the otliei hand, toi weak turbulence thcoiv tv* hoM, \N km m 
(>> must I v sin at ter titan 10 Ikadomtsev, l‘ , c*'*| because \ k k • v \ k -» k the damping 
rate r k *»ot the tp, wave must tv leasonably small Vcordtnglv , an unpoitant teatuie 
required in the present model is that the norline.u ettect stn*uUI tv only modciatclv ett'i 
vient no .is not to exhaust the .‘I,, wave eneigv in a stunt tune while oveicoining the linear 
damping ot the tp, wave 


QUANTITATIVE DISCUSSION OI-* NON UN I- A K IANDAU DAMI'INC. 


Formulation. A general expression lor iho nonlinear coupling coefficient ol' nonlinear 
I amlau damping of an electrostatic wave has been obtained by I'orkolob and Chang | 

Some simplification!! to their general expressions ate possible in the I’m resonance problem. 
In this section, explicit expressions for the nonlinear coupling coefficients A k k *» and A k »* k 
introduced in (2) ami {}) will be obtained starting flout the general expression 

In a liy pothctical case where linear I aiulaii damping is absent. i.e., only nonlinear proc 
esses are present. the total photon mnnbeis of the 2f.| and I’m waves must be conserved 
m the nonlinear I amlau damping process ISugdeev and lialeav l‘>o l >| I lout this condition 
the coupling coefficients 1 k *» k and l k k -*, in the notation ot 1‘oikolah and Chang 1 1‘>77| , 
ate related b> the expression 

L k".k*’ L k,k” (7> 

I he coupling coellicicnts A k »* k ami A k k *» from t 'I and (d) are related to the l ’s as 
follows 


V.k 


1 k’\k 

k 'll 


dc 

3u> 


N e > i 


A 


k.k M 


l k.k" 

dt 



U.r 

dt 

U)„ 

du) 1 


N e > l 


Ne»‘l 


tS) 


C>» 


when* « is the dielectric lunction; vo and *.»**’ are the real pait ol the angular frequency ol the 

.•( dr 

and t m waves, respectivelv . - and — „ are the (requeues derivatives ot the llennitian 
11 11 Aw du> 

pail ol the dielei trie funcboit at tk, i,*i and ik . u' ). tespec lively . and N e is the election 


vlcuMtN | ho c\pi\'NMon lot I ^ y'* gixon tn equation (24) ol IV'kolnh .uni rh.uqs 1 1° 'I 
(hoiv.illoi lolomnl to us IV 24) us 


4 u*f 
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m ■ ■■■■ 
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I in 


k"VmN 
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, “ M k W M k\k, k 


k »\k ,»e l 


M 4 l k,k" 
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k # k 

who tv m in (ho eloolron mass, vO i«* * »o \ .uni k k k I ho olomonts 11^ ^ .uni 

1 1 k • k i^" ;UV tftven h\ l\ 1° .uni 20 as 


M k.k”.k* ^ j m ‘ K iijf, i,v i v i 


k ik ^k ") ♦ k; 7 v (k >i 


\t»' W|| k \ ' k.'j'l 


k ( llkll/ x v lk I ♦ kjl / v (k >1 
(i.* v»*u k || \ V 


(I 


.uni 


H k k. k'* ^2 J m l,v l'l V^V 


«'.l' 


|^iu;/ r vki k l / l% u ik ii 

u ‘‘ :no M k i,'|| v “'(« 


k||lk|| / ( ,|k( Wjj/j, „(k l| 

mV 


In' IK.'n ki|Vn* 
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when* 
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(14) 
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Mu 'h *'» o «*o 

V 1 »»J * k " ■ 1 *ll 




k ») ■ Hu'n “ k||V|| io — iKi’u — k||V| 


and s. V’. n, ami p arc all possible integers from -«• to Here J n is {lie Bessel (unction of 
the nth outer, ami I : q(V||. \ t ) is the election vehvity distribution function normalized as 


l ‘ ,V l V l * 0* v ll v l'“ 1 


From IV-2'. the last element \\ m (10) is given by 


TkV * 'V, /"'V, k". 

n.b.c 


where 


w,.,) J„ 




: C" •S'V-'Y, ♦ kjkj'sf| j ♦ ^||k* l ’<J' lla ♦ 


I 'he tv >u i elements of the tensv>i 1 / are given m IX' Calculations indicate that foi cv'iivti 
tu>iis appropnate tv> the pivsent problem (see the discussion in the following paiagiaph), the 
relevant element is 


rk A |k[ , / n (k)-k l Z n c (k")| 

|(vO (b ♦ i )v»'u - k || > || )* v»*j| I (v.e (c ♦ i)u*u - k||Vj| I 


k;'ik;7 u iu- k|/ M . c (k'*)i 


l(w* ~ ^f| I llw ~ vu, u ** ^ii'ii^* ” ^f| I 


( 18 ) 


Ihf above expression tor the coupling coefficient can bo considerably simplified foi 
the conditions appropriate to the Alouette ISIS diffuse ivsoiunce pioblem Since k • It ' 0, 
k t R « I when* K Uj u*u is the electron cyclotron radius, ami the frequency deviations 
of the 't'u ivsonance from the second harmonic of the ambient t| ( \alue is levs than 0 2'1 
| see review b> Benson, 1 Q7?| . the following approximations can be used for the 'f|. wave 


I k|/k |vk |. 


(W> 


ui .\i’u . i :o> 

and since I k i « I k ’ I and w ' N k, \ ( |, i e . there are no lesonant particles for this near' 
Bernstein mode wave. 


k-0 

can be used in many of the above equations I heietore 
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Introducing t . I > into 1 1 *t and ( I of \ ields 
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Since j k */r (k\ a/) in (24) is real, only the imaginary part of H^* ^ is necessary for 
( 10). Taking only terms in ( 1 2) leading to residues of fim order poles satisfying the 
resonance condition ( I ) and using PC-25 together with (Id'), (20), and (22) yields 


ilv u £ dv i v i 



6(u)' - (n + I )u>|| - k|'|V.|) * 
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Of the four terms in ( 1 7), the contribution of the first term is dominant; the contribu- 
tion from the remaining terms an* smaller by a factor of ky/k |see condition ( 1^)1 . Using 

«* ** 

the assumptions (1^) to (22). the imaginary part of k • if • k in ( 1 7) is derived as 
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lloie, the term including the finite wavelength effect (kjK)* was derived from a slight dif- 
ference between u> and 2u>u 
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Introducing (.4), amt into f 10V \ icMs the following expression toi the nonlineat 
coupling coetlVient A^" ^ in t$l 
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I'he (unctions 4T 0 (k> and .«* v> ik’V 4% defined in i I4>. contain the information about the 
electron xrlocitx distribution. the non resonant pait of which has been assumed to he hi 
Maxwellian, i e . 
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in the dispeixion leUfion i-Sf (oi the 't|j waxe It the same distnhutton »x assumed toi the 
resonant pail, { reduces to 
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Numerical results Although ( Jl > is valid for a In Maxwellian velocity distribution, the 
long tenn behavior ot the fp, wave should he considered in an isotropic velocity distribu 
tion. i e . n,| u, ■ u The nortnali/cd wave number kR of the 2 fp wave is taken as 0 O', a 
lower limit that assures the validity of the electrostatic approximation |0> a. I*>7 lb) Hie 
dispersion relation tk’R. *.e" u.*p) of the fp, wave is detennined from t-3) if two param- 
eters uy u)|| and an* specified, so that the nonlinear coupling coetTicient ^ m t.M) i> 
also detennined 

Numerical values of this coupling coefficient, and the required minimum energy 
density of the 'fp wave W^ |n from (5). an' plotted para metrically m 0 in Figure o corre- 
sponding to different values of uy u>p The magnitude of the coupling coefficient increases 
as the frequency approaches Ip or 2fp or as 0 decreases This behavior results from the 
decrease in the resonance velocity 2*1 2fp - Ip, - nfp) k cos 0. defined by l IV which in- 
creases the number of elections resonantly interacting with the Ivat oscillation ik’. u>') 

Since the damping rate of the Ip, wave increases in a similar wav in response to a decrease 
m the resonant veUvilv (see Figure lb of Kiwamoto, 1 0 ” S | , stavs almost constant in 


the upper frequency range and then increases with descending frequenev in the lower In*- 
quency range the molt rapid increase coinciding with the minimum ip A^" k . Figure p 
also indicates that for a given frequency W^ m decreases slij’btly while A^-* ^ increases with 
increasing vCp/u>,|. This tendency suggests that the duration of the fp, resonance may in- 
crease with increasing sOp provided that the Ip, wave energy density is not no large that 
it quickly saps the 2f„ wave, i e . W^»* v, W^** c m (pi. and the transit time r \ ^ in suffi- 
ciently long. The latter condition, however, depends on the heated volume which in an 
unknown function of to p , u>„. the relative geometry between the antenna orientation and 
V t and B, the antenna length and the transmitted RF power 

The shaded region in the horizontal avis indicates the frequency range where long- 


lasting diffuse resonances are observed. The low value ol within this frequency region, 
and at higher frequencies, favors the nonlinear coupling of energy from the 2f„ wave to the 
fp, wave The minimum of \ ^**| ^ I near the shaded region increases the upper 

limit V* m (P) of the allowable energy densitv of the fp, wave, consistent with maintaining 
sufficient 2f„ wave energv to keep the nonlinear process active This optimization of the 
nonlmc -- ** * misin increases the lifetime of the Ip, waves, which are preferentially gen- 
erated ti ... frequency unge by instabilities corresponding to the minimum 

required anisotropy (Ova. I l a . Kiwanioto. I°"S|. 

In closing this section, consider the following theoretical and observational checks on 
the present model Tv pical values of W km in are 10 4 (see Figure P). These values are 
well within the allowed value of 10’* in weak turbulence theorv Although there is no wav 
experimentally to determine the value of a value from 10* 4 to 10 * seems to be quite 
reasonable from the observational point of view |\\ k 10 4 corresponds to 1 k 0 1° V m 

if N # T 10 4 eV cm" 4 1 The tv pical maximum duration ot the fp, resonance is 20 msec ' 
p \ I0 4 u)ii 1 Because ** A^" ^ ' 1. the corresponding limitation to the Ip, wave 


energy i*. from lb), ^ 



I he corresponding potential fluctuation amplitude i> 


F^** k ’ * alyi w*u < 10 • V. 

Since v\” a Wj^» rt Mom fb), and the extreme limit* ot in I nsure o ire eon 

tai.iea between 10 4 and I0 4 . the maximum potential fluctuation allowed for '*.e f^j wa\e 
ranges from 10 4 ' IV Because the background noise lex el including the galactic noise i> 
below 10”*' V m the ftequenc\ tinge of interest l Franklin and Maclean l**cW|, the required 
tange of the t^j wa\e amplitude is well within the detectability of the icveiver 


Active experiments in space can bo used to investigate fundamental processes m plasma 
wave instabilities and nonlinear interactions. The Alouette ISIS topside sounders represent 
first generation experiments of this typ* in the area of wave injection Among the various 
rlasma resonance phenomena excited b\ these sounders, is the long duration diffuse reso- 
nance which canno. be explained in terms of the reception of low group velocitv waves 
stimulated b> the sounder-pulse because it corresponds to large group velocity waves This 
resonance is dnvrn bv an anisotropic electron velocity distribution which is created in a 
large volume t' I to 2 km) around the satellite bv the high-power sounder pulse. After the 
decav of the original amsotrop> . the waves will be subject to strong l andau damping and 
will not be able to return to the sounder antenna unless a feeding mechanism is operational 
to maintain the waves Hie low group-velocity sounder-stimulated 't'p w ive remains in the 
region when* the diffuse resonance wave is stimulated and it is available as an eneigv source 
via the process of nonlinear l andau damping Calculations ot the nonlinear coupling coetti 
cient indicates that the nonlinear damping of energy from the wave to the thermal elec- 
trons and the diffuse resonance wave strong enough to sustain this wave vet weak enough 
so as not to extinguish the 2fp wave Hie required energy densitv of the latter is about 
10 4 of the thermal energy densitv which is consistent w*»h the theorv ot weak turbulctuc 
I he diffuse tvsonance can be maintained in this manner during the transit time of the wave 
from its generation region back to the sounder antenna Hteconvect* - s of wave energv 
parallel to It is negligible during this process because the component ot wave g.oup velocity 
parallel to B is zero for the most persistent diffuse resonaiwe wave component attei the 
relaxation of the st under stimulated temperature anisotropv Hius the duiation ot the tp, 
resonance isdetemimed bv the ttar.sit tune r \ provided it does not exceed the nonlinear 


• The above model is consistent with ihe long duration (~20 msec) diffu e resonances 
observed on topside ionograms and indicates that nonlinear Landau damping, which has 
been observed in laboratory plasmas, can be an important process in space. 
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Figure 1. A portion of an Alov tie 2 ionogram illustrating resonances. It was recorded at 1214:22 UT on 
4 May 1967. The duration of me stimulating transmitter pulse is confined to the top 0.1 msec of the iono- 
gram; more than 400 such pulses (each separated in frequency by 4 1/3 kHz) were transmitted in the portion 
of the ionogram reproduced. The heavy vertical traces are resonances which are stimulated by these pulses, 
they are identified at the op of the ionogram by the frequency at which they occur (the plasma resonance 
is identified by the common ionospheric notation of f N rather than the common plasma physics notation of 
fp used in the text). The weaker non-vertical traces are due to the ionospneric reflection of electromagnetic 
waves radiated by the sounder. 
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Figure 2. Signal amplitude vs. time traces corresponding to the reception of 
the f n , , 2f H , and fg j resonances on the ISIS I ionogram recorded at 
2227:52 UT on 23 April 1969 when f p /f H * 2.4. The corresponding iono- 
gram display of these data can be seen in Figure 4b of Oya 1 1971 ) . 


Figure 3. Duration of the diffuse resonance Df bi (bottom), ratio of the 
duration of the 2f H resonance D2f H to Df n , (middle), and the ratio of 
the duration of the f yj resonance Df y , to Df Dl (top) as a function of 
(fp/f H )*- The duration measurements correspond to the maximum de- 
tected resonant duration. In some cases a fairly long duration corresponded 
to an extremely faint resonance trace For example, in addition to the ab- 
sence of an f y , resonance on the ionogram with (f p ,f H ) J B 6 91 . the f y , 
resonance corresponding to the entries at ( f_/f H ) J = 6.60 and 6.98 were 
extremely faint. The data are from pass 618lof the Alouette 2 satellite as 
recorded at the Quito telemetry station. The ionogram of Figure I corre- 
sponds to the data entry at (f p /f H ) J = 6.075. 
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